• In gynodioecious plants, females are expected to produce more or better seeds than hermaphrodites in order to be maintained within the same population. Even though rarely measured, higher seed production can be achieved through differences in physiology.
Introduction
Sexually dimorphic plant species (i.e. where more than one sexual morph can be recognised) often display sexual differences in relation to reproductive allocation and physiology due to the different reproductive costs associated with each sexual function (Geber et al. 1999; Obeso 2002; Case & Ashman 2005) . Seeds are considered more costly to produce but have a higher chance of producing offspring than pollen (Charnov 1982) . In gynodioecious species, female plants must compensate for not fathering offspring as hermaphrodites do in order to be maintained within the same population (Lewis 1941; Charlesworth & Charlesworth 1978 ).
This compensation is usually observed as an increased overall seed production in females or the production of better quality seeds than hermaphrodites (Shykoff et al. 2003) . Due to the trade-offs between plant functions, the increased reproductive output in females can be explained by differences in resource allocation patterns between the sexes (e.g. Eckhart 1992), the avoidance of inbreeding depression (Dufaÿ & Billard 2012) , or by differences between the sexes in mutualistic and antagonistic interactions (Clarke & Brody 2015; Van Etten & Chang 2014) .
Differences in reproductive output between the sexes are sometimes accompanied by sex-specific differences in physiology (Case & Ashman 2005) . Even though the available evidence for gynodioecious systems is limited, 12 studies have evaluated physiological traits in gynodioecious plants and the results are contradictory (Table 1) . For example, the higher reproductive output seen in females could be explained by increased photosynthetic rates.
However, when differences in photosynthetic rates between the sexes have been observed, females showed higher carbon assimilation rates than hermaphrodites only in 2 out of 10 studies. Looking at this limited evidence, it seems that the sexes in gynodioecious species show little sexual dimorphism in physiological traits, including carbon and nitrogen discrimination (Table 1) . Nevertheless, physiological differences, together with the mechanisms to compensate for increased female reproductive output, determine the performance of each sex in different habitats and ultimately determine population structure.
Stable isotope ratios of carbon ( 13 C: 12 C) and nitrogen ( 15 N: 14 N) are increasingly being used in ecological studies as they provide a relatively fast and economic method to link physiological differences to nutrient use (Bhat & Bhat 2010; Silvertown et al. 2015) . Isotope ratios are expressed as delta values (δ) and are measures of a parts-per-thousand ratio between the isotope ratio of a sample and that of an international standard. Because heavier isotope ( 13 C or 15 N) reaction affinity is different than that of lighter isotopes ( 12 C or 14 N), reaction processes result in substrates with relatively more heavy isotopes (more positive or enriched substrates), or substrates with relatively fewer of the heavy isotopes (and thus more negative or depleted). For example, the carbon isotope ratio in leaves can be used as a proxy of stomatal conductance and integrated water-use efficiency (WUE) (Mole et al. 1994; Dawson et al. 2002) through the positive relationship between δ 13 C and photosynthetic WUE (Farquhar et al. 1982) . Plants growing without water limitation will have their stomata open and stomatal resistance will be minimal, thus the intercellular CO2 concentration will be high and they will increasingly discriminate against 13 CO2 during photosynthesis, thus resulting in low (i.e., less positive) δ 13 C values. In contrast, δ 13 C values will be higher (i.e. more positive) under conditions of water stress (Farquhar et al. 1989) . Similarly, the plant δ 15 N value provides information about the source, absorption and assimilation of nitrogen in plants (Evans 2001) .
Sexes in sexually dimorphic plant species have been shown to differ in C discrimination but whether the sexes differ in N discrimination as well is not known. Studies are limited especially in gynodioecious species (Table 1) . Because sexual dimorphism can be modified by resource availability (Hesse & Pannell 2011) , including light (Dykstra et al.
2009), we investigated whether females and hermaphrodites in the gynodioecious plant
Geranium sylvaticum differ in seed production and physiological traits in two habitats differing in light availability. Light is likely to be a particularly important ecological factor for this species as Geranium sylvaticum grows in both high light (meadows and road verges that receive full sky light conditions) and low light (under forest canopy) conditions. Light availability may affect plant allocation patterns and thus plant reproductive output (Jacquemyn et al. 2010) . In G. sylvaticum, light levels have been shown to limit seed production similarly in both sexes (Varga et al. 2015; Varga & Kytöviita 2016) . Therefore, our specific research questions were: 1) Do the sexes differ in their reproductive output? 2) Do the sexes show sexual dimorphism in physiology and/or isotopic signatures? 3) How does light availability determine these responses? were chosen (N = 58 plants). For all LRCs, CO2 flow in the reference chamber was set to 400 μmols s −1 , the leaf temperature was set to 25°C and the stomatal ratio was set to 0 (since stomata are present only in one side of the leaf). We measured the response of photosynthesis to five differing light levels (0, 100, 500, 1000 and 2000 μmols s −1 m −2 ) using the Li-Cor 6400's internal red + blue light source. Leaves were allowed to acclimate for at least two minutes before steady-state gas exchange properties were observed, logged and changed to the next light level using the Li-Cor 6400 light curve program.
Material and methods

Study species
Statistical analyses
Analyses were carried out with R 3.1.2 (R Core Team 2014). To test for significant differences in the number of flowers and seeds produced, we used ANOVA after using Generalised Linear Mixed Effects models (GLMER) with a negative binomial distribution to correct for the overdispersion observed in the data. The models included plant sex (Female/Hermaphrodite), light treatment (Low/High), and their interaction as fixed factors and experimental site was included as a random factor. Whether light availability affected stamen production in hermaphrodites was analysed with a GLMER including light treatment (Low/High) as fixed factor and experimental site as a random effect.
Data on leaf and soil 13 C, 15 N and C and N concentration in leaves were analysed with Linear Mixed Effects (LMER) models. Correlations between these soil and leaf parameters were performed with Spearman's correlations.
LMER were also fitted to the data on physiological traits (maximum photosynthetic rate, stomatal conductivity, transpiration rate and WUE) including plant sex and light habitat as fixed factors and experimental site as a random component. Finally, to examine the relationship between photosynthetic rate and PAR, LMER with plant sex (Female/Hermaphrodite), light availability (High/Low), PAR (0, 100, 500, 1200 PAR (0, 100, 500, , 2000 , and their interactions were included as fixed factors and experimental site as random factors.
Differences due to the significant interaction between light and PAR level were investigated with Tukey's planned comparisons using the 'lsmeans'package (Lenth 2015) .
Results
Reproductive output
In 2013, a similar proportion of females (69.4%) and hermaphrodites (71.6%) flowered (χ 2 1 = 2.14, P = 0.14) regardless of the Light treatment (χ In hermaphrodites, total stamen production per plant was significantly reduced by light availability (χ 2 1 = 37.00, P < 0.01). Hermaphrodites from High light produced 638.37 ± 71.7 stamens per plant compared to 189.7 ± 31.0 stamens per plant in Low light.
Foliar isotopic signatures and N and C concentration
The sexes had similar foliar N and C isotopic signatures and concentrations (Table 2) .
However, significant differences in all foliar parameters analysed were detected between High and Low light habitat plants (Table 2 ). Plants growing in the Low light habitats had lower δ 13 C and δ 15 N than plants growing in the High light (Supplementary Table S1 ; Fig. 2 ).
Moreover, leaves in Low light habitats had 2% less C and 0.4% less N than leaves in the High light habitats (Table S1 ).
Soil isotopic signatures and N and C concentration
Whether the soil was collected below a female or a hermaphrodite plant had no effect on the soil isotopic signatures or N and C concentrations (Table 3, Supplementary Table S2) .
Moreover, whilst the light habitat did not influence C isotopic signature nor concentration, soil in Low light habitats had lower δ 15 N and N concentration than soil in High light habitats (Table 3, Supplementary Table S2) .
Relationship between foliar and soil N and C isotopic signatures Leaf 15 N covaried positively with soil 15 N (t130 = 7.11, P < 0.01) and leaf N% (t130 = 6.04, P < 0.01). Opposite to this, there was no significant relationship between 13 C in the leaf and in the soil (t130 = 0.070, P = 0.94) even though leaf 13 C was positively correlated with C concentration in the leaf (t130 = 7.51, P < 0.01; Fig. 2 ).
Photosynthetic measurements
Light response curves were very similar between the sexes (Fig. 3) . We observed that plants in High light had lower light compensation points (i.e. the light intensity where the rate of photosynthesis matches exactly the rate of respiration) than Low light plants (Fig. 3) .
Photosynthetic rates increased with PAR (F4,221 = 336.27, P < 0.01) and were overall higher in High light plants (F1,53 = 52.35, P < 0.01), but there was a significant interaction between habitat and PAR (F4,221 = 8.64, P < 0.001). While in High light plants maximum photosynthetic rate was already achieved at 1200 PAR (Fig. 3A) , in Low light plants photosynthetic rate was maximum at 2000 PAR even though it did not reach a plateau (Fig.   3B ). No significant differences between the sexes were detected in photosynthetic rate at any PAR (F1,53 = 0.95, P = 0.34; and F4,221 = 1.28, P = 0.28 for the effect of sex and the interaction between sex and PAR, respectively). All other interactions were not statistically significant (all P > 0.28).
Under High light conditions, plants also had higher transpiration (E), conductance (gs), and WUE than plants growing under Low light conditions, and there was no significant sexual dimorphism in any of these traits (Table 4) .
Discussion
Physiological differences between the sexes in gynodioecious species are predicted due to the different costs of reproduction associated with each sex (Geber et al. 1999; Reekie & Bazzaz 2005 ) and should be more apparent when the costs of reproduction and the pattern of resource allocation are very different between sexes. We detected few differences between the sexes in the physiological parameters measured, which agrees with the largely similar reproductive output observed in these populations.
Even though the reproductive effort of G. sylvaticum has been found to differ between the sexes in several studies (see Table 1 Moreover, even though we did not investigate seed germination in these experimental populations, previous studies have showed that pre-dispersal seed predation is similar in both genders (Asikainen & Mutikainen 2005b; Varga 2014 ) and seed germination is also not related to the gender producing the seeds (Asikainen & Mutikainen 2003; Varga 2015) and therefore, there is no reason to expect differences in our study populations.
Besides seed production, total reproductive costs entail also the costs associated with floral structures and pollen production. For any given flowering event, given the larger floral size together with the higher production of nectar and pollen in hermaphrodite G. sylvaticum (Table 1) .
It should be pointed out, that besides the differences in light and nutrient availability measured in the two habitats (Varga & Kytöviita 2016) , it is sensible to assume that, although not measured, there might have been differences also in water availability and temperature.
All these parameters may influence seed production even though they do not seem to affect the plants in a sex-specific manner in our study. Combined, the available evidence suggests that the sometimes reported increased reproductive output in females may not be due to physiological mechanisms increasing photosynthetic capacity, but by other mechanisms such as habitat selection or inbreeding depression avoidance. While the later remains to be measured in natural populations of G. sylvaticum, certain habitat selection by the two genders has been noted, as female frequency is higher in shaded environments (Kytöviita, unpublished results). Even though the sex ratio seems to be related to some extent to light availability, the flowering frequency of the two sexes was similar when studying the same populations for five years (Varga & Kytöviita 2016) .
Concurring with the physiological differences between high and low light habitat plants, foliar isotopic signatures were also statistically significantly different. The less negative values of δ 13 C in high light plants may reflect the drier conditions in high light habitats or the higher WUE of plants growing under full light (Farquhar et al. 1989 ).
Moreover, there was a negative relationship between foliar N% and δ 13 C hermaphrodites, but not in females suggesting higher nitrogen use efficiency of photosynthesis in hermaphrodites under high light. Plant δ 15 N usually reflects the soil δ 15 N (Kahmen et al. 2008) , which was the case here as well.
To conclude, this study demonstrates that the sexes in G. sylvaticum do not differ markedly in physiology or isotopic signatures, which concurs with a similar reproductive output and reproductive costs. Hermaphrodites appeared to have better photosynthetic nitrogen use in high light. This physiological difference does not provide any explanations for the evolutionary maintenance of females. We have previously shown that the sexes do not differ in their tolerance to light limitation during seed maturation, a period when plants may receive less light due to the natural closing of the canopy or as a result of self-shading (Varga et al. 2015) . In the present case, both genders decreased seed production similarly in response to shade, suggesting that light limitation is not an important factor determining female maintenance in this gynodioecious species. Having ruled out differences in physiology, the importance in inbreeding avoidance in explaining female maintenance in this species remains to be tested. Female ( 
